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USAF SCN 75-20B AFIT Control Number _ LSSR 34—77A

AFIT RESEARCH ASSESS~~~T

The purpose of this questionnaire is to determine the potential for current
and future applications of AFIT thesis research . Please return completed
questionnaires to: AFIT/SLGR (Thesis Feedback) , Wright -Patterson AFB ,
Ohio 45433.

1. Did this research contribute to a current Air Force project?

a. Yes b . No

2. Do you believe this research touic is significant enough that it would
have been researched (or contracted) by your organization or another agency
if APIT had not researched it?

a. Yes b . No

3. The benef its of AFIT research can often be expressed by the equivalent
value that your agency received by virtue of AFIT performing the research.
Can you estimate what this research would have cost if it had been
accomplished under contract or if it had been done in-house in terms of man-
power and/or dollars ?

a. Man-years __________ $ 
__________ 

(Contract) .

b. Man-years 
_ _ _ _ _ _ _ _  

$ 
_ _ _ _ _ _ _ _  

(In-house) .

4. Often it is not possible to attach equivalent dollar values to research ,
although the results of the research may , in fact , be important . Miether or
not you were able to establish an equivalent value for this research (3 above) ,
what is your estimate of its significance?

a. Highly b. Significant c. Slightly d. Of No
Significant Signifi cant Signifi cance

5. CoiT~rnents :
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Nine and Grade Position

Organization Location
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The Air Force Aero Pro~ulsion Laboratory is currently exploring
techniques which may be used to estimate the production costs of
gas turbine engines in the conceptual and validation ~hases of
system acquisition. This study served as a part of that on—going
exploration and was desi~~ ed to investigate the relationshiD ci’
engine section production costs to total production costs of gas
turbine engines. The results oi’ this research include the fol-
lowing findings: ( 1 )  correlation analysis provides an effective
technique for deter~i~ tn.g those relationships ; (2)  among engine
sections , costs of the high pressure turbine and. compressor sec-
tions demonstrated the highest consistent correlations with total
engine production cost ; (3) regression analysis using the costs
of high pressure turbine and compressor sections appears to hold.
promise for estimat ing total engine production cost; (4) a ~.odL—
i’ication, of the industrial engineering approach in which a cost
estimate of the high pressure turbine section would be ~‘~uilt up ”
and used , in turn , to estimate ~roduction. costs of the comp lete
engine also appears to hold pro~ ise; and (5)  engine cost dafla
presently collected. and retained within the Air Force appear
inadequate for estimating studies utilizing the production costs
of engine part s , assemblies , and sections .
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Chapter 1

flTTRODTJCTI ON

Problem Statement

Off ice  o±~ Management and Budget ( 0MB ) Circular No.

A— 109, dated April 5, 1976, established policies to be

followed ‘by executive branch agencies in the accuisition of

ma ,ior systems ( 1 5 : 1 ) .  In accordance with these policies ,

the Air Force Aero Propulsion Laboratory (AF~~ L) is required

to estimate jet  engine production costs from the conc eptual

through the production phase of weapons system development .

The AE~~ L has reco~~~ized that existing cost estimating tech—

V niaues are inadeauate for  this purpose \ 24).

The APAPL needs a cost estimating technique which

est imates the impact of engine desi~~ changes on total

engine production costs (2 ,24) . As a prerequisite to devel-

oping such technicues , an understanding of the sensitivity

of production costs to desi~~ changes of engine sections is

needed.

Backgro~rnd end Justification

Life Cycle Cost (LCC) is defined by Air Force Regu —

ation 6CC — Il  as the total cost of an item or system over

its ful l  life ~52). Figure 1 illustrates ~;he rhases in a

weapon system l ife  cycle . LOC , as applied. to gas turb ine

I
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engines , includes costs to develop and. test the engine

through the full—scale development phase , costs to produce

the engine in quantity during the production phase , and

costs to support the engine from the dep loyment phase

through retirement from the inventory (disposition phase)

(25:156—7).

The AFAPL can play a vital part in reducing the LCC

of an engine (25:157). Most of the decisions which affect

LCC are made very early in the weapons acquisition process.

It is during this advanced conceptual phase that the labora-

tory has the opportunity to provide the advanced. desi~~

technologies which form the future technological base for an

engine ~25:i57).

Better cost estimating techniques , sensitive to

desi~~ changes, are needed. (25:158). These improved tech-

niques are needed. so that the APAPL can consider cost

trade—offs inherent in desi~~ factors such as ener~~ output,

efficiency , and manufacturing methods in establishing engine

conuigurat~ on (25:158).

Previous investigation by AFAPL into various cost

estimat ing methods end models has identified two general

apprOaches to developing cost estimating techniques for  ~et

engines (3). The ~‘irs t cost estimating t ecr  V --l e is the

“parametric ” arrr~~ch. The ter ’i~ 
?l
~~ara~~~t ric ’T is used.

—- I -’ --. ~~~ -~~



because the technique employs variables which exolain the

characteristics (or parameters) of the engine such as per—

formance (e.g., thrust—to—weight ratio , turbine—inlet—

temperature), physical (e.g., weight , airflow), and charac-

teristics related to the development process (e.g., com-

plexity, materials index) (3:2). Statistical regression

analysis is often used to derive a relationship between

one or more engine “parameters ” and cost (5 : 2 ) .

The second major cost estimating technique is termed

“the industrial engineering ap~ roach. ” This technique

entails the examination of work at a low level , with

detailed estimates of the cost elements required to produce

each engine part . These estimates are then aggregated to

sub—assemblies and higher assemblies until the entire

engine is “built” into a total cost estimate (3 :3) .

Major drawbacks have been identified. for both of

these cost estimating techniques. A deficiency in the

parametric technique is that cost estimating relationships

are developed based. upon the historical data from previous

engines and may not be predictive of new engines (25:158).

The deficiencies with the industrial engineering approach

are not attributed to the validity of the technique i tself.

Rather , they lie in the goverument’s lack of deta iled manu-

facturing data and the shortage of resources needed. to

L
i: . V V V~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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apply the teobni-~ue ( 5 : 5) .  In 1971, Dr. Bruce N. BaJ~er

surveyed over 600 individuals within the Department ol’

Defense (DOD ) and the National Aeronautics and Space

Administration (NASA ) cost estimating and. analysis organ i-

zations ( 1:58). The majority of these individuals recog-

nized the deficiencies in application of the industrial

engineering approach . However , they voiced preference for

this approach over the parametric approach if the deficien-

cies could be overcome (1:52—9 ) .

In an effort to creat e the requisit e methodoio~~ to

establish a credible engine acquisition costing model , the

AEAPL , in 1974, initiated a Senior Investigator Program with

both Purdue University and Georgia Institute of Tecbnolo~~
to evaluate cost estimating approaches in. industry (3:25).

Deutsch and Berry in a Georgia Institute of Tech-

nolo~~ repor t described the state~of—the—art of metb~do—

logical approaches to life cycle costing contained in.

technical literature and employed in selected industrial

sectors (9:ii). They concluded that the difference between

the parametric and engineering approaches was only in terms

of the level of system description. The report asserted

tnat~

. . . the problems of estimating costs for
individual component parts in the ‘engineering’
-approach are identical to the problems inherent
in the estimation of their assembly in a single
pass :9:s~-~~.

~~~~~~~~~~
- ~~~~~~~~~~ ~~~~~~~~ 
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Given the choice between the parametric and. indus-

trial engineering approaches , Deutsch and Berry voiced

strong preference for the latter, although they asserted

that “ . . . both approaches to cost estimation are overly
dependent on a cost model [9:341 .” Regression models in

the parametric approach utilize pro~~ variables such as

those which describe engine performance (9:34). In. the

engineering approach , estimated part s costs must be aggre-

gated into a total engine cost estimate which treats parts

costs as additive, or allows for some decreasing cost

syner~~ when parts , assemblies , and sections are aggre-

gated to the complete engine , or some combination of the

two (9:34—5). They concluded by stating that a manufac-

turing line simulation model offered. a possible alte~~ ative

approach to a cost model reflecting the manufacturing

environment (9 :55) .

The purpose of the Purdue University study was:

to survey the state of the art and the
• actual practice of production cost estimation of

proposed new turbine engines to determine the
feasibility of the Wright—Patterscn Air Force
Aero ~~opulsion Laboratories having their owncapability of predicting production costs .
for both newly developed engine desi~~ s and V

also changes to all types ol’ engines , new or
old [11:51 .

The Purdue University study by Drake, Reda , and ~Jlen

resulted in two major conclusions.

6
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The first conclusion was that the industrial

engineering approach was feasible for ~FAPL. The Purdue

researchers based this conclusion on findings of their

study of manufacturing techniques and factory costing pro-

cedures of two turbine engine manufacturers (11:5). How-

ever , APAPL would encounter major problems because “ .

they do not have the data base created by past manufactured

products and they do not have daily contact with the shop

floor [11:19.” In. addition , Drak e , Reda , and Allen felt

that to ~lan and execute a complete cost estimating system

using the industrial engineering approach would require

three to five persounel with skills in the following areas

• (11:29):

1. Industrial ~~gineering-—Manufacturing tech-

no I c ~y.

2. Materials Sciences——Metals and ceramics ,

especially high temperature.

3. Computer Applications——Data base desigu, list

processing languages, time sharing systems.

4. Economics——Forecasting , metals , and manufac-

turing industries ’ price trends.

5. Business——Cost accounting, standard cos t

systems.

Drak e , Reda , and Allen ’s second conclusion was that

use of regre ssion analysis , as is done in the parametric

7
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approach, could be extended to engine components and sub—

components or parts (12:23). They asserted that diff i—

culties would be encountered at the section level1 because

• . . all engines are not simply scale ups or scale downs

o±~ a single basic desigu . . . 112:221.” However, they

felt  that these difficulties could. be overcome by proceeding

to a lower level (i. e., assemblies or parts) with regression

analysis because engines which are “ . . . different at the

component level all tend to have disks, blades , vanes , etc.

[12:241 .”

A third research effort sponsored by AF~~L, con-

ducted by Mullineau.x and Yanke of the School of Systems and

Logistics , Air Force Institute ol’ Technolo~~~, was completed

in. June 1976. A proposed methodolo~~r for estimating engine

costs was developed which built upon parametric models

developed by the RAIflD Corporation and currently used by the

Air Force. These parametric models were modified ‘by adding

material factor variables developed by the Navy. The Navy

had developed material factors based. on the following theory:

that advanced engine tecbnolo~~ and theincreasing use of super alloys in jet engines are
closely correlated. If the theory was true then
engine costs could be predicted using a C~~ Cost
Estimatin g Relationship containing a materials

1For definitional breakdown of engine, sections ,
assemblies , and parts , see Appendix A.

8

~~~~~~~ ~~~: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — V



_

factor. This factor would automatically update
:ie cost—estimat ing model as changes in technolo~~occurred [21 :21

Mullineau~ and Yank e found the R UTD models cur-

ren-tly in use by the Air Force required statistical verifi-

cation to be operationally effective (i.e., the models

should. incorporate confidence interval testing at a speci-

fied alpha level for each rred.iction) (21 :74). They also

asserted that “materials—related variables should be

included as Drime candidates for independent variables in

future cost estimating models for jet engines 1 : 9

Added impetus was given to the AFAPL’s efforts to

create a credible acanisition costing mcdel by the d:rsction

contained in. O~~ Circular No. A—109, dated April 3, 1~ 76

(15). The circular established major system ao~uisiti-or

Dolicies for a~plication by Federal agencies. Among the

major system acquisition management objectives set forth ,

the following has particular applicability to the activi—

• ties of ~~~~L:

Maintain a capability to: Estimate . . . costs
for system development , engineering , desigu, demon— V

stration, test , production , operation and support.
• . . Estimate - . . costs during system desiguconcept evaluation . . . to ensure appropriate
tradeoffs among investment costs , 0 ership costs ,
~chedules , and Derformance [13:5T .

This research effort comprises a rorticn of su

on—toin~ e~~ loration of cost estimatins ce~ ioues ~~rli~

oable to j et  engines sponsored ‘by £FAPL.

9
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Ob ,lect ive

The object ive  of the researoh was to determine the

relationship of section production costs to total  produc—

tion costs of gas turbine engines. More specifically, the

research was aimed at determining what cost correlations

might exist between the following: t

1. Thrbine engine sections ,

2. ~ irbine engine sections end the completed

engine.

Res earch Questions

The researchers ~ro~ osed. to answer the foIl-owing

cuestions in order to determine what relationships might

exist between the production costs of gas turbine engines

and. turbine engine sections:

1. What is the relaticnshi~ between engine section

production costs and total engine rrc-duction costs?

2. What are the relationshiDs between the tr oduc—

• tion costs of engine sections?

3. Do these cost relationships provide insight

into techn iques which could be used for predicting produc-

tion costs and. desi~~ change co sts of gas turbine engines?

I C
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Chapter 2

RESEARCH METHODOLOGY

Overview

The research methodolo~~r was desi~~ ed to determine

the relationships which might exist between the productton

cost of jet engine sections and. the cost cf the complsoe

— engine. Cost of the complete engine and costs of ergine

sections were treated. as random variables. Correlation

analysis was used to identify the relat ionshir of engine

section ~roduction cost to total engine rroiuction cost.

Partial correlation was then used to determine the net con—

tribution of particular engine sections to total cost -chile

conorolling the e f fec t s  of o ther sections. The fo l lowing

tor ics are covered in this chapter :

1. Variables of interest,

2 . Justif icat ion for  variable se lect ion ,

~~. Data collection ,

~
-. Data description ,

5. Population and sample ,

6. i~~alysis procedures ,

7. Criteria tests ,

3. Summary l ist  of l imitat i ’-n s , ani

?. Summary l ist  of assumptions .

-~‘1
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Variacles of Interest

The variables of interest were production costs of

the comnlete turbine engine end. Droductlon cost of tu~Dine

engine sections. These variables are listed. in Taole 3.

Complete definitions are provided in A~~endix A.

Justification for Variable Selection

Two trevious studies have identified engine cost

b reaP:dcwns which support the selection of the variables of

interest. Participants in the Air Force/Industry i’Ianufac—

turin~g Cost Study held at Sagaacre , New York , 23 August —

I SCDt O m’OV e r  1972 provided the engine cost breakdown shown

in Table (50:15). At a Joint Air Force/Industry Low Cost

Manufacturing,”Desigu Seminar held, at French Lick , Indiana,

22—24 May I~ 75 , participants from the Garrett Corporation

presented distributions of engine section costs as a percent

of total cost (29:597,600). These are shown in Figures 2

and. 3. At the same seminar, tarticirants from Pratt and

• Whi tney Aircraft Company provided the breakdown of engin e

cost shown in Table 2 (29 :’-i49). These tables and fi~-ures

show diss imilar engine breakdowns .

In an effor t  to define an engine breakdown which

could. be used. to assigu costs to the funct ions l sections of

gas turoine engines , the researchers sou~~~; the advice s-f

Mr. Z~oneth 3tal~~ r, Chief C onsultant , General Electric

12
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Figure 2

Cost Distribution Curve for  a Turbofan Engine
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Figure 3
Cost Distribution Curve for a Turbojet Engine
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Table 2

Percentage Distribution of ~~gine Cost

Component % of Cost

Fan II

Compressor 14

Combusior 3
Turbine 20

Augmentor 5
Noz zle 12

Brgs—Lub e System 5

~ ctermal Stru cture 11

Controls 19

Source:

Pratt and Whitney Aircraft Company (29:449).
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Laboratories. Mr. Stalker proposed. an engine breakdown

consisting Of ten sections (28). ~~~~~ recommended that

Mr. Stalker ’s proposed breakdown be modified sliCht ly by
V 

treating augmentor and nozzle as a single section. The

augmentor and nozzle comprise what is commonly 1~~own as th~
afterburmer section (2). The res~~tant engine breakdown is

shown in Table 3. Total engine production cost and produc-

tion costs of the nine sections shown represent the inieoen—

dent variables for this research.

in summary, based upon the Air FDr C C I V ’InSIUStry Manu-

facturing Cost Study , the Air ForceV ’ind.ustry Low Cost Les igu

Seminar and the exoert opinion referenced above , the vari-

ables previously shown in Table 3 were selected as variables

of interest for correlation analysis. The sections selected

as independent variables are f’~inctionall~ serarated , o~Ct

when aggregated. reoresent a complete gas turbine en~-une in

ohysicai terms as well as in terms of total oroduot:sn

costs (2). A pictorial representat ion of these variab les is

• shown in Figure —~- .

Data Col lect ion

Production cost data for gas tui~oine engines were

recuired for the proposed. analysis. It was necessary cc

col lect  production costs for  comp lete engines as well  as

17 

~~~~~~~~~~~~~~~~~~



~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Table 3

List of Independent Vari&oles

TCOST = Total Engine Production Cost Jj.
XI = Fan .

12 = Compressor

13 = Combustor

14 = High Pressure Turbine

15 = Low Pressure Turbine

16 = Bearings , Seals , and Drives

17 = Controls and Accessories

18 = ~~ames

19 = Augmentor and. Nozzle

18
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production costs for  the engine sections identified. as

variables of interest.

Potential data sources within Aeronautical Systems

Division (ASD), Air Force Systems Command. (~ FS0) were sur—

veyed.. Potential sources contacted withifl  the Comptro l le r ,

ASD were the Comptroller Cost Library (16),  Life Cycle Cost

Office (15), and Cost Management Systems Division (26) .

System Program Offices (SPO) for the A—IC (22), F—5 (5),

F—1 5 (4 ),  F—16 (4 ) ,  end Propulsion Systems (34 ) were also

contacted.. in each case , sources of engine cost data were

found for the engine level , but only one sourc e of data at

the engine section level was located , the F—5 SPO. V

V The F—5 SPO collects production cost data from the

manufacturer for  the J—85—2 1 engine. The data are comp iled

by General Electric , Lyun , Massachusetts under their own

Cost and Schedule Measurement Operating Systems (CO~~OS).

Copies of CO~~OS reports are sent monthly to the P—5 SPO

(6). COSMOS compiles engine production cost data by parts ,

assemblies , sections , and complete engines ( IL L ) .  Discovery

of this data led to a further search for COSMOS data on

other engines.

CO~~OS is presently operatIonal for  only two General

E e c tric engines , the J—85—21 and the TF— 34—~ 0O. Only the

~-2o—~
i data are present y be~ng collected oy tne SrOs

20

/

~~~~~~~~~~
_ _ __-V-jV

_~

_
__1~~~~~~~ _

~~_J -1~~~ ~~~~~~~~~~~~~~~~~~~~~~ 
—

~~



-— - VV____ V 
V~ ~~~~~~~ _ V _~~V V~

_
~~ V — VV_ ~~~~~~~~~~ V V V V 

~~~~~~~~~~ V_~ V ~~~~~~__ _ _ VV: V 
~~~~~~~~~~~~~~~~~~~~~~~

(6,22). Although the company plans future implementation of

the system on other engines (7 , 28), COSMOS as a data source

for this research effort was limited to the J—85—2I and

TF—3’-l-—IOO. However , General Electri c was willing to provide

available production cost data on five other engines to sup-

port this research (27,26).

Data collection efforts with two other major engine

manufacturers were not as successful. A representative of

Pratt and. Whitney provided a production cost breakdown for

the P—I0O engine. However , in the limited. time frame of

thi s research and for  reasons not e~~ lained to the

researchers , the Pratt and Whitney representative could not

provide data on any other engines (20). Detroit Diesel

Allison , according to the Air Force Plant Representative ’s

Office (fiSPRO), does not presently collect or segregate

engine production cost data by engine section (10).

Finally, the Naval Air Development Center ,

Warminster, Pesnsy lvania was contacted. as a potential data

sourc e. The researchers were informed that the only produc-

tion cost data presently available and in use by the Na’~~

in entone cost estimatin,~ studies were’ data reflecting

c-ota~ en~ine prod.u~ tion costs. According to the respsndent ,

no source of ~nsin’-. sect ion product ion -cost data e:-:isted

in the Navy at -:he time cf this research (5)~

__________ V 
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Data DescriDtion

Production cost data for eight engines were collected

(see Table 4). Data collected were heterogenous in terms of

the following: —

I. ~~gine characteristics.

a. The F—IO0, F—IO1 , F—404, TF— 34—IOO , and TF—39

are turbofan engines.

b. The J—79—17 and J—85—2I are turbojet engines.

c. The GE—IS (T—700) is a turboshaft engine.

d. The F—IOO , F—IOI, E—404, J—79—17, and J—85—21

have an augmentor and. nozzle while the others do not.

e. The P—IOO , F—I01 , F—40’4-, TP— 34—IOO , TF—59 , and

GE—IS (T—700) have a low pressure turbine. Others do not.

f. The F—IOO is of modular construiction. Others

are not.

2. Data sources and coat year.

a. The F—IOO cost figures were based on actual pro-

duction costs provided by the man~ffacturer in 1973 dollars

(20).

b. The F—I 0I engine cost figures were based on

manufacturer’s cost estimates in 1976 dollars (28).

c. The F—404 engine cost figures were based on

manufacturer’s cost estimates in 1975 dollars (28).

d. . The TF-34—100 engine cost figures were based

22
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on actual production costs tracked. by COSMOS as of 1 July

1976 (7) .

e. The TP~39 engine cost figures were based on

actual production costs provided by the manufacturer in

1976 dollars (28).

f . The J—79— 1 7 engine cost figures were based on

actual production- costs provided by the manufacturer in

1973 dollars (28).

g. The J—85—2 1 engine cost figures were based. on

actual pronuct~ on costs trackea. by COSMOS as of I ~anuary

1975 (6).

b. The GE—IS (T—700) engine cost figures were based

on actual production costs provided by the manufacturer in

1975 dollars (28).

3. Production status.

a. The J—79—1 7 is no longer in production (28).

b . The F—100 , TF—~~4-—ICC , TF—39, J—35—2 1 , and GE— iS

(T— 700) were currently in production (7 , 6 ,28).

• c. The F—1O1 and F~~C4 were not yet in production

(28) .

Table 4 reflects the engine cost data collected

for this research . Production costs include direct labor ,
direct matert~ - and overhead acoortionment . Some m i sce l—

laneous material and assembly , inspection and. test costs

24
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are not included. At -;he manufacturers ’ requests , -costs are

shown in Table ~ in terms of eercent o±~ total croduction cc~sc

to protect the pro~ rietary nature of the actual dollar

figures (10 ,28). Actual dollar costs used for  the corr ela—

tioo. analysis in this research were retained. on file by

AFAPL (2) .

The lack of homogeniety and variations in the data

collected will be treated in the sections on l imitations and

assumptions that follow.

?ooulation and Samole

The population of interest is -compr ised. of all gas

tu~ oine eng ines ( turboje t , turboshaf t , and. cuibofan) pro—

-duced. for use on United States military aircraft . The

at traoutes  -of anterest are product:-on. costs ~or tne corn—

oleted engine and f o r  engine sections .

Data a o_ ac~~~_ and tune a_ .ioca~~~ ~~ r t a_ s

V researcs. nave lamoted the sampLe ~o one of c~rortunity.

r - 

As ~rcviously discussed in the data cVDllect:ol l  section , the

avatlabl~ data were not selected. by a random sampling pro-

cedure. Therefore , the sam-ole cannot be considered. reore—

sentative of the po~ ulation.  :~everch~ less . the santle ha:~

been judged sufficient to provide am insitht onto the rein—

cionship of t o t a l  ensane croduccion c-os: and.

costs -of engine sections ‘ V
V 9 ,

00iA
•
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•
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Analysis Procedures

Production cost data for engine sections -and. complete

engines conform to the requirements for ratio—level data ,

which is the hi~~est measurement scale (23 :5).  Therefore ,

this ratio—level data satisfies the lower level reauirements

(int erval—level) fo r  correlation analysis (23 :281).

Bivariate, or simple pairwise cot -relation , provides

a single number ( t he  coefficient of cart- elation , r) which

sunmarizes the relationshit- between two variables (25:276).

Usin g the sub~prooram PEJ~ SON CORR c± the Stat is t ical  Pack-

age for  the Social Sciences ( SPSS ), the coefficients of

correlat ion were computed to determine the strength -of

correlation beoween each engine section production cost and.

total engine production cost , and between each en=one section

pro duction cost (23:276).

Part~al correlation srovides a 
jingle measure of

association (the -coefficient of cc:relati:n, r) -iesorib in~
the relationshis between two variab es while ad.~ uston g for

the effects of one or mor e additional ~rariables (25 :5 12).

The SPSS sub—program P~~TD~ CORR was used f - o r  partial cot--

relation analysis. 3y putting each enpine section which

dem-o±str ated .  a hish sairwise correlation into a sac;ial

correlation analysis with :ooai oso , the me: ef f e - o t s

of s a ie - c t o d .  omoine oect t - :m costs t o t al  ~~~~ 
:‘~~~- n  ‘

~~~~~~
— were

icterc inod while c— :-:er s ect ion  ocs~~s 
.V C : ~~V ho ld -::m:- amt .

~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

V~~~~~~~~~~~~~ _ _ _



- — -- - ---- V - -

Statistical Drocerh:res necessary to accommlish the

oorrelaoi-on analysis are oontained in Assendix B.

Appendix C contains cop ies of the SPSS programs

written co accomclisb the simp le rairwise correlations cf

all variables of interest and partial correlations -of

~ar~ac_ es mica met tue criterta tes~ descr_oec. n —me

following section. The correlation analyses were accom-

plished as follows :

‘ . Us ins the data f tr  all eigh t engines , sin l e

pairwise correlations were calculated fcc’ each section cost

Xl through 19) with total engine rrcduccicn cost ‘ OCS ).

In addition , siaole oair’-iise correlations V~1Ct-~~ calcalated

for each section cost (Xl through V~~~~~~ V 
each other sec-

tion (Xl through X9).

2. Psc’tial correlations of se-c:d:m oo~ oz

TO-OS-I’ were calculated for those seo:i:ms whi ch met  the simple

t -air--ri se correlation criteria test  es ~r~b-~d in the follow—

ing section .

Criteria Tests

A cr i ter ion test was nec~ ssac’y to de termine of the

rslaoi-onships between enoin e section rrod.uoti-on cos:s ani

tota l  eng ine pr-c -iuotion costs  identified. through this

re seat -oh V
.~JC t-C  ‘T meV am lngful. ” The l i tera ture  revie-.--

by the researchers f-ailed. to identic any previous

07

- -

V 



~~~~~~~~~~

statistical analyses or studies which aotemrted. to identify

such relationships. Further , no objective basis for

judging “meaningfulnesst’ was discovered in the literature

review. Therefore , the researchers relied upon the value

judgem ent of the research sponsor , AFAPL , to provide a

criteria test for “meaningful” relationships.

Any relationship between an engine section produc-

tion cost and total en~cine crad.uctio-r cost which e:thibited

a correlation ooeffi-oieno of -T .7 or greater in siarle t-air—

wise correlation or corral-ation coefficients of not less

than 1.4 in partial correlation analysis ~V.~et-e jud.~ ed.

m-e Van in gful by APA?L (2,24). Previous -rno -:led.ge of these

re_ atoon suops was _ omot e d to other excert ormnoom , con~ ec—

t’are, and subjective jud;-emeno of various merscnnel familiar

with en Inc desi , i and. engine cost estimatin t (2,2~-). 2cr

ezample , a commonly held belief is that the cost of the

high aressure turbine section correlates h irh -o with total

enmine ccs~ (24). Therefore , any objective evidence

tending to -clarify these relati-cnshit-s, such as that damon—

strated. by correlation analysis usin: the aforementioned.

criteria were  julged “meaningful” (2,iI~c-).

21cc fo lowinr crit-~--ria -•-er~ used to ans -:er the

res- -ar~h cue s t ions :

~~~~~~~~
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1. Simple pairwise -correlation analysis between

engine section production cost and total enaine production

cost , and between the production costs -of engine sections:

Computation and display ol’ these correlations answered

Research Questions I and 2.

2 . In answering Research Question 3, the following

results of correlation analysis orovided an insight into

tecbnicues which could be used for predicting rrod.uccion

costs and desigu change costs (24).

a. Simple correlations between each section pro-

duction and tota engine production cost o± 0.7 or greater.

b. A section which demonstrates partial correla—

t o n  coefficients of not Thss than 0./4~ with total engine

production cost while controlling for  other  ensine section

costs.

Sumnary List of Limitat ions

I. Data collected :

a. Because of limited data availability , the

data were heterogenous in term s of engine type , sectict.

concos it ion  and cost year.

b. Production cost data at entine section e-rel

could not be located wi th in  the Air Force (with the excet—

t ion  of the J_V B5_ 2 l) .

29
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c. Time allocated to this research limited the

collection of data to that described. in the previous data

description section.

d. Seven of the ei~~ t engines were manufactured

by General Electric Corporation. Therefore , conclusions

drawn from this analysis may be more applicable to GE

engines than those of other manufacturers.

e. Accuracy of data provided by engine manufac—

V turers were limited to the accuracy of their collection of ,

actual and/o r estimates of production costs.

f. Modular engine construction ( P—lao ) and con—

-Tentional engine construction (others) resulted in a dis-

similar breakdown o± engine modules versus engine sections.

To counteract this dissimilarity , F—I0O production costs

were further broken down under AP~~L supe~ iision to the

assembly level. Assembly costs were then aggregated to

provide an engine section cost breakdown for the P—IC- C

similar to that of the conventional engines (2). The
• original allocation of assembly costs to P—l0O modules

provided by the manufacturer and the resultant re—allocation

ol’ assembly costs to engine sections by the researchers with

the advice of ~~~~~ were retained on file by AP~~L (2).

Summary List o±~ AssumDtions

I. For the puroose of analysis:

30 •
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a. Adjustment of production cost data to constant

year dollars was not necessary since the proportion -of eng ine

sect ion cost to total eng ine cost remains constant (2).

b. In the population of engines, the defined

variables selected for correlation analysis are distributed

in a joint bivariate normal distribution as is required for

correlation analysis.

2. Breakdown ol’ F—ICC modul e costs to assembly level ,

and re—aggregation of thos e costs into engine section cos ts

similar to conventional engine section constrmction crovided.

F—1 0 cost data useable in this analysis.
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Chapter 3

DATA ANALYSIS AND FflTD~~TGS

This chapter describes the data analysis and sub—

secuen c findings in detail . The results of bivariate or

simple pairwise correlation and partial correlation analyses

-of each engine section cost with total engine cost are

described. The final section summarizes the findings by

addressing the research questions.

B1VARIATE CORR~~LATIO1~ ANALYSIS

Engine Sec tions with Total Cost

Tab e 5 depicts the results of simple pairwise car—

relation of each section production cost with production

cost of ccmp lete engines. The correlation coefficient (r)

is positiv e for all variables indicating a direct relation—

ship between each section and total cost . The strength of

-cach relationship is provided. by the value -of r where 1.000

indicates a perfect direct linear relationship , —1.000 indi-

cates a perfect inverse linear relationship , and 0.000 m di—

cates the complete absence of a linear relationshic (21:279).

The thigh pressure turbine (14) exhibited the V

highest -direct correlation with total engine cast

(r = .995~4 - ) .  The at’~~ entor and. nozzle 
(19) also shows a

-

- -  ~~~~~~~ -
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Table 5

Simrle Pairwise Correlations: Engine Sections

With Total ~~gine Cost

TCOST
(all engines)

XI .6173
X2 .9058
13 .8851
14 •9c0 54
X5 .8237

V 
16 •~~99
17 .9131
18 .9054
19 .9868

_ -~~1
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very strong direct relationship with TCOST (r =

Other sections which met the criteria test for further

analysis (r � .7000) are the compressor (Xi), combustor

(13), low pressure turbine (X5), bearings , seals and drives

(16), controls and accessories (17), and frames (18).

The fan (XI) with. an. r = .6173 was the only engine

section which did no t meet the criteria test for further

analysis via partial correlation.

Among Engine Sections

Table 6 lists the results of simple pairwise cor-

relation of each section cost with each other section.

Positive correlation coefficients indicate direct relation—

V ships among all the engine sections.

The lowest correlation between two components was

r = .2589 for the fan (XI) and controls and accessories

(X7). The highest correlation between two comoonents was

r = .9962 for bearings, seals and drives (15) with the

au~~entor and nozzle (X9).

The section which e~~ibited a hi~h correlation with

all other sections mos t consistently was the augmen-tor and

nozzle “19). Correlation coefficients of 19 with other

sections were greater than .92-0-C except the low pressure

turbine , which was .8LV6.

34
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The fan (11) was the only section which exhibited

corre~ at_ on coef _ c ents ol’ ess -~~an .50 ~~o any otner

section. These were the comcressor (Z3) at .~ -0C0 and con-

trols and accessories (17) at .2589.

In summary, the results 01’ simple pairwise corre-

lation discussed above described the relationships between

the production costs of gas turbine engines and engine

sections and between the production costs of engine sections.

All engine sect ions ~ VJj t h  the exception of the fan (Xl)

exhibited a correlation with TCOST greater than .7000.

Partial correlation analysis described in the ne~~ section

was conducted to determine which ci’ those relationships

acceared to be scurious and which acceared to be tr~e.

The results of the simple correlations exhibited no

major surprises. It was anticipated that there would be a

-cosi-tive linear relationshiD between engine section produc-

tion cost and total- engine production cost. The fact that

the fan -‘Xl) did not meet the criteria test could be the

result of limited data availability or some other reason
V 

that the researchers were not qualified to answer (i.e.,

technological considerations).

PARTIAL CORR~~ATION ANALYSIS

~orther investigation of the relaticnshirs between

engine section costs and total engine cost was conducted

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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via partial correlation. The rurpoce was to determine if

the engine section costs WCT’: in fact correlated as the

simp le correlation analysis indicated, or if the correla-

tion was due to the fact that a ~ar;icular section cost

correlated with another section which c:as, in reality , the

high correlator with TOOST.

Kendall and Stuart describe the insight into the

relationship between two variables provided by partial

correlation as f ollows :

ii’ we find that ho ding another variable fixed
reduces the correlation between two variahies, we
in!er that their interdependence arises in. oart
through the agency of that other variable; and , if
the partial correlation is zero or very small , we
inSer that their interdependence is entirel y
attributable to that agency. Conversely , if the
Dar _al corre a~~ on ~s larger ~nan n.e or_;_na_
correlation between the variables we infer that
the other variable was obscuring the stronger
connec tion or , as we may say , ‘masking ’ the ccr—
relation. But it must be remembered that even
in the latter case we still have no warren; to
presume a causal connection: . . . the presump-
tion of causality must always be e:otra—statistioa -

V

l7:3l7~. V

V 
Firs; order ~artial correlation shows the co-roe—

lation b etween two variables while controlling for the

effects of a third variable. First order partial corre-

lations were conducted for each engine seooicn ~-hi ch met

~~e crt~er_ a ~~~~ th ;ota cost -c _ e  oo-~~rc~~~r: for ~~

-~ffects of each other section , one at a tine.

~~r7
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Second order rartial correlation was used to -contro l

for  the effects  of other engine sections , two at a t ime ,

providing further  insight into the relationships of section

costs and total cost.

Partial correlation anal~ sis was limited to f irs o

and second order correlations. Proceeding beyond the second

order with such a small samole (eight engines) orcduced

hi gher order partial correlations which were less meaninR-fuL

and could have proven misleading (~6). First and second

order nartials were sufficient to clarify the relati-onshios

suggested in the previous siacle ~airwise correlation

analysis (~6).

Cost data for all eight enRines were used to comout o

the first and second order correlation coefficients for

sections common to all engines with total engine rroduction

cost: compressor (Xi), combustor (13), high pressure tur-

bine (XL~) ,  bearings, seals , and drives (15), controls and

accessories (17), and frames -:xs . The first order coef—

ficients are shown in Table 7. The second order coeffi-

cients are shown in Table 8.

Partisi correlation ~~al~~ es of the low ores sur e

turb~~ e —‘X~ ) and of the augmenter and n-cod e X°~) 
V J C O C

conducted se~arate y using only the data for enc ines

have those sections. F~esults are discussed se~ cootel~ in

sections hi~h follow . ?ao--ial correla~~ n analysts of the

- : ~~~~~~±~~~~~~~ i ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ia4
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Table 7
First Order Part ial  Correlations: l-scti-ons

Common o All ~~rines

TOC-OT

Xi LI Xi Li
L~ ’TG FOP.

- ‘  70 —— ~~~~‘9LL 51 ~~° ~~~~~~-~~ -- ~- °~~ -

xi ~~~~ —— .-98C-~ • 7 i  .6095 ~~~~~

~~~~ .29C-~ —— .~~d67 — .l ll-d ~~~~~~

xi .5762 ~~~~~ .9567 —— .95~4 .~~995

- - -C  -~~~~~~
‘ - 

~ -• r —,- ‘Zc - ~ V - CU ~ -- ~V -- —— — -

Xi .7316 ~~~~~ ~ ?C’-~ .~ 65 .9~~-i ——

I

70 
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Second Order Partial Correlations : Sections

Common to All Engines

N. TOOST
N ~I: iX

0CiT ROL-N XC Xi 14 16 17 Xi
L~~TG FOR “— ______________________________________________

12 , 15 —— —— .9828 _
.V :7?5  .5615 .7718

x~~, 14 —— -7084 —— Lo~ 1-0 — 02 05 —

Ii —— .730’? .°876 —— .95C5 .~~21+

XI —— .c~ c~0 •9ToiS .~~ 1 . ——

Xl , 18 —— •3~ya •97!44~ .0708 .9~-21 ——

15. 14 .8651 —— —— .4-5 5 — .1745 .2721

15, 16 .7969 —— .9809 —— .9725 .7829

15, XI .7975 —— .9643 .962~° —— .955 2

15, 18 .8064 —— .9a00 —.2958 .8587 ——

1°-, 16 .7021 .1657 —— —— •5~~~55 ~~~~~~

17 .770-0 .71 09 —— .~I915 —— — .579-2

I-- , IS .7527 .962 —— .6452- — .5517 ——
16 , 17 .0~252 — .7570 .8917 —— —— .8797

L— , X-~ ~3” -~ 0- 0-1 9500 —— ——
17, Xl .76-’l .575 2 .5116 .5161 —— ——

: 1  
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fan (X~) as not conducted since the sintie correlation of

the fan wi th  TOOST did n-c t m eet  the criteria test

(~ � .7000).

Results of partial correlation analyses of ca-o h

sect ion with TOOST fo l low . Sistograms are use-I to -distlal

the zero order (siarle pair~-iise) ,  f i r st o rder , and second

order par _a_ corre_a~~cn ccef _c_en~s Co __ o eans d_s—

played were rounded to two si~~ ificacot —di2itz. Spurious

~orrelaoicn between the engine se~ tion an d. TCOS V is in-it—

cated when the talue of r for the zero order -~orrelati-on

decreases as the e f fect s  of ‘other sections are

in the first and. second -order partial c:rro_ations.

Negative correlation -coefficients occurred in a

number of first and second order rartial correlations.

Such coefficients  were a result o± the method used in

oalculatins partial correlations an-i are not necessarIly

~~o~~ ve ci’ an an ers e rela-_onchiD €- er , ae oo~~ r—

rence of neczatt-Te correlation coefficients does ser-se to
V 

further indicate the scuricus nature of the relationship

between two - ariables (25:707).

On-mcresoc-r tXi)

The zero order oorrelaoi- n of .E ~I with :o:s: h:lis
reasonably well when the effe~ts of he o th e r

sections are oontrolled , as sh:-u is. PiV_cre 
~~~. The in n-cm

~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~- • V ~ V • V
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Second Order
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Partial Correlation Coefficients: TOC OT with
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first order correlation coefficient is .6762 ‘.-;h-an the effect

of bearings, seal-s and drives (16) is controlled.

Combustor (15)

The simple pai~~ ise correlation of .8351 with TCOST

does not hold up under partial correlation, particularly

when the eff ect of the high oressure turbine 14) is -con-

trolled. Figure 6 shows first and. second order cartial

correlation coefficients which indicate much of the corre-

lation of 15 with TOOST is spurious.

High Pressure Turbine ‘14)

The simole oairwise correlation ci’ •9 05~_ holds nc

eo tremely well under nartial correlation ~~al sis. Results

shown in Figure 7 indicate that the high oair-;ise correla-

tion is not due to the effects of other sections. Rather ,

the high -correlation of 14 with TOOST ar~ ears to be a t~ ce

direct correlation.

Bearings, Seals, and. Drives (16)

The simple pairwise correlation of .8699 appears to

be largely spurious. Even though, 17 arrears to “mask” ’

scme of the correlation between 16 and TCOST , when the

effects ci’ the o ther variables are C-tf lt ro1 Cd , the ti~ e

For defini t ion  of “mask” see page ~ T •

~~~~~~~~ V
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Zero Order Firs t Order

A Q  8°

r 0 0 1~1

-1.0- 12 14 16 17 IS

Control Variables

Second Order

1.0 -
-. .84-

.71 .7~ .65_ 0.~nnnn~~
• 

r

12 12 12 12 14 14 14 16 16 17

14 16 17 18 16 X7 IS 17 13 18

Control Variables

Figure 6

Partial Correlation Coeff icients:  TCOST wi th  17
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Zero Order
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—1.0—— —1.0-
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Control Variables

Second Order
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.~~~~~~

_i~ Q -

12 12 XC 12 13 X3 X3 IS IS 17
13 16 17 18 16 17 IS 17 13 13

Control Variables

Figure 7
Partial Correlation Coefficiants : TCCST with 14
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nature of the relationship of IS and TCOST is revealed.

Partial correlation shows that much o± the apparent pair—

wise correlation is due to the fact that IS is correlated

with other variables which are in tu~~ correlated with

TCOST. Figure 8 reveals this apparent biea~ down of’ the

correlation of’ 16 with TCOST under partial correlation

analysis.

Cont rols and Accessories (Ill

The simple pairwise correlation of’ .9131 does not

hold up under -oartial correlation. ?!ost of’ this correla—

tion with TOaST appears to be spurious . Greatest reduction

occurs when the effect of the high pressure turbine (14-)

is controlled. This indicates that the aoparent corre-

lation of’ 17 with TCOST is mainly due to the correlation

ci’ 17 wath 14 , and 14- being highly correlated with TCOST.

Figure 9 shows the comparison of’ correlation coefficients.

Frames (IS)

The simple pairwise correlation of’ .9054 bresJ~s

down under partial correlation , indicating much of the

apparent correlation of 18 with TCOST is spurious.

Greatest reduction in value of the correlation coef f ic ient

occurs when the effect  of’ the high pressure turb ine IX— ) is

controlled.  Figure 10 illustrates the partial co r r - a l at i - on

coefficients.

~ V6
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Low Pressure Tu~oLne (15)

First and second order partial correlation coef-

ficients for the low pressure turbine with TCCST were con—

puted using only the cost data fo r  ensines which contain

that section: F—ICC , F—1O1 , E—404 , TF— 34—ICO , TP—79, and.

GE—18 (T—700). Tabl e 9 shows the results  of these cc-ann—

tations.

Figures h a  and lib show that the simole cairwise

correlation of’ .8699 does not h-cl-i up under partial corre-

lation. lost of the correlation of 15 with TCOST appears

scurious.  Greatest reduction in correlation coeff icient

occurs when the effect of the high pressure tu±ine X4-)

is controlled.

Au~~ ent-or and ~Tc:z e (19)

First and. second order rartial corre la t ion  coef-

ficients for the auorentor and. noz:l~ with TOOST were

computed using -only the cost data f o r  engines which contain

V that section: P—ICC , F—I ll , P—4--94-, J— 35—ll , and J—79—I7.

Table 10 shows the results of’ these computations .

Figures 12a and 12b grat-hical ly deoict the corn-c —

_a~_on coef~~ o_cn~s. The s_mo_c ~a_r’ _se correan _or of

.9668 antears to hold un wall in first order nart ia . corr e—

lati-on. H O V -:ever , when the effects of’ oth . :Vr s e c t i o n s  are

-control led ow-c at a t ime in second ord-o r cc,roia :or r e l a ti o n ,

V 
•_ 

•_ V _  - V~~~ - V • ~ -~ •~~V V

V 
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Table 9
First and Second -Order Partial Ccrrelations :

Low Pressure Turbine

First Order Second Order

\TCOST ~~~TCOST
~NWithControl—\ 15 Contro —~~~ 15

ing for:  1 ing for:
12 0.7897 12 , 13 0.6858

XC , 14 0.2-395

XC , IS 0.9056

13 0.5542 XC , 17 0.9972

12 , 18 O.Sn-3C

V X3, 14 —0.276?

14 —0.2190 13, 16 0.7495

V 
13, 17 0.7-327 

V

13, 18 _~~3543

16 0.4292 14, 16 — -: .7- ’°- 7-
14, 17 —0.-°39’-~-

14, X8 —0.2435

17 -9.821 3 16, X7 O.L815

7 T9 (\.c~O) i~-~—- — -i. -

‘Xl 0.1021 17, 15 .9999

5-’
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Table 10

First ~ cd Second Order Partial 
Cornalations:

Augmentor and. No:zle

First Order Second Order

TCOST \TCOST

Con ro\ 19 
Oon~ro~~\ 19

12 .9655 12 , 13 —-2.70-23

12, 14- 0.9554

12, IS

13 .9168 12, I? 0.8832 -

XC , 18 0.9764

14 .-9E98 15, 10- 2.9912

13, IS —2.5647

IS .70-75 X5, X7 O.991-°

13, IS 0.9854

14 , 16 0.5656

I? .9855 1-0-, 17 0.9774

14, 18 0.990-0-

IS , 17 —0.4667

IS .7269 16, 18 0.9-246

X7, lB O.9H~9
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ru-oh of the simole -oorralat i-on aanears st-urious. In n ar —

ticular , 15 enS 16, acoear to have a ia~~or e f f e ct .

Thie to the limited number of engines (five ) used

for this analysis , the results should be labeled. inc-onclu—

snve .

In summary , rarcial correlation analysis has arc—

_dec. fcr’_~r _n s_ ghc _nto and. clar_ f_ caa ’ on of’ ne re_a—

ti -onshics between engine section oroducti-on cost end. total

rro-duc-oion costs. First and. second. order oartial

~-—rre1at_on _nd._cates na one ~n~~~ a_ c~~n d_reot corre-

lation is lar~ely spurious for sections other than the

compressor (13) and. high pressure turbine (14). Further.

much of the correlation of’ other sections with 000ST is

arrarently to be due to the fact that those sections

co rrelate with the high pressure turbine; and the high

rrescure turbine is, in fact , correlated. with TCOST. Cf

the variables analyze-i (x2 thrcurh 19), the high pressure

turbine demonstrated the highest direct , trwe correlation

with total enCine production cost.

~nsw-~rs to Research ‘cestions

Research ~uesticn 1. ~nat is the relationship

between engine section cr dmotica costs and total ensine

nrc-Suction o-osts~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ 
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~J1 engine sections demonstrated a direct ccrrsla—

ti-on with total engine cost. The high pressure turbine

e~th~oited the hngnest direct corre~ ation and paronal cor-

relation showed this to be , for the most oars, a trwe

corre_acnon. Tne fan e-óio~ted tne _o~ est a_rec corrs a—

tion with total engine cost and was the only engine sect ion

which did not meet the criteria test for further analysis

oria rartial correlation. The compressor ec-thibited a high

direct correlation with total engine production cost which

held uo fairly wall under oartial correlation , alth-ou~h not

as well as the high pressure turbine. The direct correla-

tions with total engine section production costs e:±ibited.

by the remaining engine sections were not maintained once

the effects of other sections were controlled. This indi-

cate-i that much Of the simple pair~ise correlation was

scurnous.

Research ~,uestion 2. That are the relationshirs

between the production costs of’ engine sections2

All simple pair.’:ise correlations between engine

section costs were positive indicating direct relationships.

The augmentor and nozzle  exhibited a high direct correlation

w i t h-t h e  other sections most consistently. The fan exhibited

the lowest direct correlation with the other sections.
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Research Ouesnion 3. B-c these relati-onshics arc~

nd _ns_n~ nto ~~c~.n_ ues a_cc. cou_d cc us~~ Ocr or~- —

dicting oroduction costs and desigm chanCe costs of gas

turbine engines 2

As a result o± the research , this cuestion can be

answered affirmatively. ~nalysis results indicate that the

technicues of~ regression analysis and the industrial

engineering approach could be used.

The ‘nigh correlation Of ’  high pressure turbine and

c-omrress-o r product ion costs with  total engine production

costs rroviies evidence of the feasibility of regression

analysis. These two sections would be the prime candidates

f o r  independent variables in simole linear regressions

(SLP.) or multiple linear regressions (i-ILR~ against the

dependent variable , total engine cost .

The high direct correlation -of the high pressure

turbine with total engine production cost crovides impli-

cations for  the industrial engineering approach to entine

cost es t imating. Ve~~~ l ittle of’ the -direct correlation was

shoa~ to be spurious. Ii’ an accurate est imated cost  -of’ the

n_ pa aress~~rs turoene cou~~d be ‘o~
_
~~ 1~D t _n~. ~ oe _rd~ s—

tiroJ eng ineering aocroa-ch , the resultant estimated cost

as ’a . n s_mo_ e  ~~n a: a= :ecs_ cn ~c ‘-r

~~~~~~~ _~~~~~~ _ 0 _ _~~~~~~~~~~~~~~
;

V _ .  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

-- - A2Vt ~~~~~~~~~~~~~~~~ - _~~~~~~~ V~~~~~~~ V 
V V______



- - V

an estimate of’ total engine production cost . Similar

e f for t s  with the compressor section might also prove

fru i t ful .
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Chatter  0-

S~i-~ ARY , C0NCLJ~IONS , A~D ~~~~~~~~~~T~OoT~o

Ove rvt C~’i

This study has investigated the feasibility of’ non—

raranetric cost estimat ing by using correlation analysis

to Se~erm _ne toe rela~~ onsn_o of eng~ne z e~~ _or aroauo _on

cost ~o to ai en2~~ e oroa~ic~~ cn cos . F_rs~ an ~~~s cnao~ er

remarks are made regardin-5 ore-,-ious research and -data avail—

ac_ _ _ t 7- . ie:~~ , cono_ ~ sions as o m~~ o o c_ o  ~~~~

the findings produced are dis~ us~ ed , fo l l owed by the

cati-ons of these findings f or  cost estimaoln~-. FancIly ,

recommenda tions as to future data collection and further

research are rrorose-d.

The lack of oroduoti-coc cost  dat a at the engine V

sect ion  level was recognise-i by the  researchers and the

sponsors -of this research e f f o r t  as a potential  de f i c i ency

of this study . Due to this samp le size inade:ua-oy inf e r—

ences to the ropulation of gas turb ine engines could n o t  be

made . However , the researchers believe that because of

data differences  of’ turbine engine tyoe , section cc-mrosi—

tion ’, ca s t  year and tecbn-oThgn, any strong correlations

chat cc-cur are ind.icative of the r—ocal a 0 0 0 n  of cas :urb :n-o
,- ,-

- -i 

- 
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in. oh-c op inion -of the researchers , the results of’

this study lend credence to -the eo~~ert oainion that the

hi gh cressure turbine is the ma~jor  determinant of total

engine cost .

Previous Research

Three previous research studies were sponsored by

~~APL as part of an on—going ef for t  to establish a creditable

engine acquisition costing model. This research const i tutes

the fourth such e f for t .

Duetsch and Barry of’ Georg ia Institute of’ Tecbnclco-c

in-rVestio~ated industrial engineering and. raramet~ ic arproaches

to engine cost estimat ing. They voiced preference fo r  the

industrial engineering aporoach but feIn that both aoorcaohes

were overly dependent on a cost model . Their recommendations

were that AEAPL construct a manufacturing line simulation to

orovide a cost model which would ref lec t  the menufaotur in.s

envircoanent (9) .  However , such a simulation wou d recuirs

skill and data resources not presently available to ~F~~L

Drs~ e , Reda , and Allen of’ ?~ird.ue University conducted

a surrey of’ production cost estimating tecbni;ues used in

industry and reached two major co-nolusiors. First , the

re-searchers felt that the industrial enaineering an;roc oh V : a 5

feasible  for  AFAPL if’ personnel ‘.~- ith the necessary  s:cills

~~~~~~~ -~~~~~~~~s~~
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were acouire-i and. access could be ~-aine-d to engine manu :-~c—

curing processes and data. The second. conclusion V V r a3  that

regression analysis could be used at la-er  levels (sect i- :n ,

assemblies , parts) to predict engine production cost , but

that difficulties would. be encountered due to differences

ha engine configuration, design aptroaohes and tecbnolc~y.

They asserted these difficulties coal-i be overcome by pro-

ceeding to the assembly and/or cart level for regression

analysis (~ 1). :~ a folThw—on study rake , RetSa, and. lllen

the industrial en ineerins approach to Thuild Ut rI -he

cost -of a single turbine disk of the J—69—T—25 engine. Th~

study recuirsd seven months to -c oamlete (bO V.. Such de tailed

analysis and data accuisition in terms of estimathno- trc Suc-

tion costs of’ a coatlete engine are clearly beyond the

present capability of O~~~ L (OJL).

~‘Iullineaux and Yanke of’ the Oir Force Institute of
VTechno

l
o~~~~~~~ condu cted a study ochich. resulted in imrrovemen:s

in regression models developed by the 1~C Corporat ion for

use in the parametri c approach to engine cost est imat in~-

( I l ).

By adding s ta t i s t ica l  ver i f ica tion and raw material

fa ct ~ rs to the P~OTD models the researchers orovided intro-red

-o -erams ;r io models n-ow in use by ~bF~2L (pa).

~~~~~~~~~~~~~~~ 
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As stated in Chatter 1 , the objective of this

research was to d.etermine the relationship of’ section pro-

duction costs to total production cost of gas turbine

engines. These relationshi~s rrov~de AFO2L a direction f-or

future research to develop an engine cost estimating metho—

dolo~~ (24).

Data Availability

The research required oroduction cost data f— c r

complete engines as well as for engine sections. The

researchers were successful in locating such data cm only

eight gas turbine engines.

Attempts to locate data on engine section produc-

tion costs within the Air Force were , fo r the most  part ,

unsuccessful. Within the Comptroller , Aeronautical Systems

Division , Air Forc e Systems Command , such data w r e n-ct

available from the Comptroller Cost Library, Life Tycle Cost

Library or Cost Nanagement Systems Division. Of the System

V Program Off ices ~SPO) contacted , only the F—5 SPO collected

and utilized production cost data below the complete engine

level that was consistent with the breal-do,-rn used in this

study. The F—15 and F—1 6 EP-Os collected and. utilized pro-—

d.ucti-cn cost data ‘cv module (5-100 engin e~ but did not ha-ce

any further breakdown -of’ the co st data. Altoc’o go the

1-eneral Slectric -O O- S~- G S  system produces deta i led cost

0,-I-

— 
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control data -on the Tl—5~-—1CC to -conform with Air

Cost - Schedule Conorol System Criteria the -~—i0 SF0 -antarently

neither as -:s f o r  nor u t i l i ze s  this -data. The researchers

had to go to the manufacturer for a copy of’ tois 003’iS

r~r-ort .

Engine production cost data broken down to scotia-n

level were not available from the Navy. Although personnel

at ohs Naval Air Research and Develotment Center ac- ow—

ledged nlans to collect such data in conjunction with cost

estimating research , such efforts to beg in data co l l ect i o n

were ‘none than a year away.

to co__ec’t enocine orod~ct_c_ cost na-a anon

ma,~or ens-inc ooarsofactacrers met with o-aried. deo-rees of’ suc-

cess. General Enectr ic  Coroorat ion cr0-Tided. data cm c eo-en

engines. A Pratt and. Thitney Aircraft 0:-moan;’- rearesenta—

t~~ e -ro den data on ~ne i.. ~ 1 O  en~ _ e  and ana_octra s_m_ ar

data on other engines were not available (C-I). Finally, a

renresentative ci’ the Air Force Plant Representative Cfi’ic-c

at Detroi t  Diesel  Allison indicated that ~ roduction cost

data on Allison engines were not collected or as-gre-rated.

by engine sections (10).

D~snits the problems encountered ha accuiranc data

f or this research , the researchers are of the ocimion that

or-:- iucti:n costs can b~ co lec:ed by the manufacturers

V. -,
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end avgr~gated to part , assembly and section -costs. If

engine production cost data in this format are deemed. of

value f or cos~ estanat on., ~t remaans fan nne - _r orc e ~c

as~ ~or, or con~racr for, sucn aata.

Eethodolo~~ and Find.hne-s

The use cf cartial correlation analysis crc--ri-led an

ef fec t ive  means ci’ understanding the relationshicos ben’-:een

-two indeoemdcnt variables. It must be remembered that the

coefficient of correlation is merely an indication of the

linear relationship between two independent variables.

it should not be concluded than the numbers represent cause

and effect relationships. The presumption ci’ causality

U 
• • . must always be extra—statistical I17:~ 1?~.”

When comouthas- Dartiai correlation coefficients to

the second -order the relationshios between two variables

are ind.icatedby the consistency of the coefficient. Good

correlators have little variance in. correlation coefficients

throughout the analysis , whereas , correlators wbose high ,

positive , zero—order coefficients are sturi-cus in nature

have higher order coefficients that vary about s-era -or are

negat~vc.

It is felt by exoeros tha t the his-h rr essure turbine

is the mann cost determinant -of sns turbine engines , ani

that if the -cost of this section can be determined then the

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ - V
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ooct of the engine con be aredicoed (10-). This reseer:n

t ends to show from its l imIted  sample chat the high ares—

sure turbine is the best  consis~~ n: -s orrelator  with total

pr oduct ion  cost and , therefore , t ends to substantiate the

U gut feelingu o± the oxoerns .

Partial correlat ion analysis has also sb-own the

contr essor  to cc nne mos oons s~~ a ~o rre_ ator  ~~n — ooa_

onc-duction cost descite its zero—ord er  correlation behas-

ao-sracs renntane to tne onner comoomeats. :n._~ sect_cm

a_nnt s_so cc cons~~ ere~ V.
V
~ ~~se_f or en oc eno~~ en —

cressure turb~~ e en -‘roa~cnnn a moae_ to or—a_ c-

en~:-ine oroduotion costs.

The remaining engine sections dii n-o n h-old ma ‘nade r

aartia correlation ena~ysis as indicate-i by their ne-ar

c-arc and ’cr negative correlation coef f ic ient s . Kost of

their o :rrelatlc-n with total  production cost  is attributable

to one or mo-re other section ’s correlation wick total cost.

In summary, partial correlation analysis has
aa;-eared to be a -mnn’Dle method in this study in Seterminin.:

the relationship of section production costs to oo ;al enoin-e

cr o : iu o tio n  c o st  of nas turbine enoines . In the analysis ,

ohs hi -h are ssure turbine appeared to be the best co-rreiatcr

V wink total cr-:iu-ctman -cost tn-cs supoor:ncna the -spanina that

tais section is the main cost determinant ci’ total ens-ane

a rc i- :-coi~ n costs .

~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ 
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Imolications for Cost EstimatirLc

The findings of this research rrcvide insight into

toohaicues chat could be us-ed. fo r  predict ing production

co co s ol’ gas turbine engines. Correlation analysts is a

reasonabl e , legi t imate  predecessor to regression anal ys is

~1-O ) This research indi cates that the oroduction cos t  of

the hIS-I. tressure turbin e and the comrress:r coal-c be

entered seraracely into individual simple linear regr—~-s—

si-oms (SLR) or ~ogethe~ into a multiple linear regression

in an ef fo r t  to predict total engine pro duct ion -ccst.

A logical stat in det e~~ining the cost of the sec—

ti-cm to treclico total rroduoticn cost would, be to use the

on-dustroal engineerins- ap-ss’oa-ch. I± the cost of the bith

pressure tu±ine or the compressor could be ~built  up 1 then

the resultant cost oculd be used in a SLR to predict total

p roduction cost .

Fec,mmenia tions

Data collection. Data collection orob ems encountered in

this research indicate that sud.ficient engine cost data f o r

non—Darametric approaches to eng ine cost es t imat ing  are n-st

cr~- -an- .— co~~ec~~n cv —ne ~_r P~r~e _so , mennoa.  o_

and collect in c orodu-otion cost  data on concbete-i

a r-c dis c imiharly reported 5y each manufacturer and

ii osin~ lc rIy col ected.  by each SF0- .

- — V — ~~~~~~~~~ 



It is re-co~~ized. that the Air  Force Cost1’Schedule

:atr:t System Criteria io not place specific reo-oirements

on collection or fo rmat ting  of crc luctoon cost data.  OTe-cer—

theless , further orogress in non—parametr ic  cost est imating

tecbniaues , particularly the indusornal engineering ap~ roaoh ,

recuires production cost data f-o r engines broken down into

section , assembly and toot levels in a consistent fashion.

~cr~ oer studt. -The researchers belie-re the findinra of this

s~udy have provided insight into the relationships which

exist among ;rciu-c ion costs  in the copulat ion of aircraf t

coo turbine engines. Based up-sn t h e s e  findings , the fOllow—

inc areas are recommended fcc fur ther  study relat ive to cost

estimating for gas tnirbine engines.

~~~. F~~~e the high pressure turbine t ended t o  be

the most consistent , direct correlator with total en hace

—cost , efforts should. be made to de-celoc a methodc lc~~~ to

determine the cos: of thin engine section.  A study to ie~~er—

p n e  ne costs ~ 
n_y -~ressare ~unbene assemo_ _ es an-~ :c_ s

an an eafort  to F ouch up-’ hagn pressure ouronne costs ucnn c

the iniustrial engineering approach is recommended.

2. Fari:us simsle and multiple linear r~or~-ssiom

moldls shoal-i be built o~sin~ cc gine section costs as

s-c rc ccainst 0 0 t C .  ant-inc cost . Such a stu ig c:-~ld -ccc the

( 
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da ta co l l ect ed  f V ;F r this research for  buildinc- the re om-escion

m odels , but would recuire coliectin u data -on several ocher

engines for use in testing the orediotion accuracy of the

pod.~ i~~. Such models could also be exercised. to predict the

ef fec ts  of desi in changes within engine sections on total

engine cost.

A feasibil i ty study should. be -nad.ertai :en to

determine the costs versus benefits -of recuiring contractors

to report engine production costs by sections , assemblies ,

and parts in the manner used in the General Slectrio COEkiS

system. The costs/b enefit s should be weighed against the V

feasibility of chan~in~ the Cost/Schedule Control System

Criteria to recuire cost reporting in such a format .

A -comcaraoive analysis of engine parts costs

f cc  replacement parts aurohased by Air Porce Logis t i c s

Comman d (~ FLC ) -Tersus costs of comp lete engines should be 
V

cn-lercal:en. Such a study would provide insight into the

feasibili ty of using AFLO parts cost data in the industrial

engineering approach to engine cost estimatin c-.

5. The researchers assumed, in this stadc’ that

normalizin g ant-inc cost data to a base year (us ing index

a,cmV
c~~rs) was not necessary since , within each engine , the

crotort ion of sect ion costs to total  cost would. remain the

sam e . The researchers bel ieve a stud y to de te rmine  the

70
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valii±t-n: of this assumpti -om ;-.ouli cr ovile naci gho in c -c t he

r elat iVJnch io- of cos ts  ossocia:-e d with tecino-~~ogcoal

in macerialo and manufo-coarang methods.
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1. Assembly :  FI~ number of part s j oined t oge the r  to
aerform a saecn f ic  func t ion  and. capable of disassemb ly
~5~~:Atch 51~.”

2. ~~~ine: “The comDlete engine ~5- 1:Atch 51. ”

3. m acne Levels: 3r:akdown of the complete engine
into secocons , assemblies , and parts (51:Atch 5).

4. Inc-inc Production Costs: Shot costs recuired to
assemble and nest he comnIe~ 5d engine (14). Sb,oo costs
of’ -ant-inc sections , assemblies -and. tarts enter this le-Te
as direct material costs.

5. Pert : “One tiece , or two or more joined tcge-oher
which are n-o n norm-ally disassembled wi thout  destr~cct ion of
desired use [5~ :Atch 5~.” For exanale:

a. -0 -ombustor  Basket
b. Compressor Blade

V c. Lxhaust Dif fu ser

6. Producticn -Cc-ct : -:enu~~aoturin g shot cost of a tart ,
assembly, sec tion , or ocra lete  engine 123) .

7. Sec t ion :  “ I  e immediat e functional breakdown b e l ow
—fie s-nc-inc leo-el ~Y al-;--oii 31.” 5cr example-:

a. Fan
b. -Compressor
c. CombustorV 

-d. Turbine

S. Secti-cn Production Costs: Total shop costs recuired
to assemble and test a -comalete engine section 1’ o ~). Shop
costs ol’ engine assemblies and tarts enter this level as
direct material  cos t s .

9. Shot Oos:~~ C-orprised of the- f-olbowin t cos~
- e l e m e n t s :

Lirect labor and ma terial , and indire ct labor and ma t e r n al .
These -costs t~~ ically comari se- 75 aerc ent of ot-al
selling m ice \:~~~~

-- .
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-Correlation ~~al~ sis

Simtle correlation anal~rsis trovides a numerical

r~ rres~~ita~~~on of’ ane c_var_ate a_str_oo _on c~
’ t ‘c ranc.om

variables. A correlation coefficient summarizes the strength

ci’ the rala ionship e:fni’oited between the two variables by

e:-pressina the change in one variable in rela t ion to the

other (25 :230) .

:-:ulnirie correlation is the simple correlation of a

s ingl e- variable and. the corresronding linear relationship of

other variables. On-os- the relationship among the variables

is Tnt-own , the net e f f ec t  of one variable on another in iso-

lation can be determined (55:510).

Covar:ance

0-ovari anc e is a measu r e of’ the degree to whiob two

variables are linearly related. Let X and f’ be tw o random

variables. Two new variables can be defined as the he-n a—

tions of Z and Y from the means of their resrecoive m-cpu la—

(1)

The covariance -of’ X and T, ~~~~~~ is defined as the extected

-raIn-a -of the rrcdnct o± these two variabins:

— c- V. ’- -’- - ~~~~— - --a - -‘S- — 
-; 
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Positive covariance indicates the tendency of I and

2 to move in the same direction and negative indicates the

tendency to move in otposite di~’ections Since

measures the ext ent to which the variables move t-c getler , if

I and Y are independent then = 0 (35:91).

P-orulation Correlation Coeff ic ient

Whil e the covariance of’ I and ~ gives am. indication

of the orientation of the population distribution (I, ) ,

the population correlation coefficient , P~~~~~ , 
gives an

indication of the compactness of the distribution.

is , therefore , a measure of’ joint central tenden cy with 
V

respect to a line (19).

0~p - _ _ _ _ _ _

U 

-

Eowever , PU is generally un~~own and the samtle correla-

tion coefficient , r~ r , is used as en estimate (55:256).

Ths- Sample Correlation Coeff i cienf

Where X~ and. Y~ are random variables , sample obser-

vations from the population (I, Y) ,  the sample correlation

coef f i c i en t, r , is calculated:
- 

~,(x, -~~)(Y. - T)
- -

__ \J
J 

~~~~~1X ~~~~~~_~~~~~~~)2 ~~
y 2

~0
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r is en unbiased estimator of the population marancter,

Sintle Pair’-iiss Correlation

Simmle raino-rise correlation involves commu tation -of

r for each rair of random variables among a c-rout of

-rariab e s  from a sample. The value of’ r obtained describes

the degree of association between those two variables

18:544). r crovides an indication of the strencuk and

direction of a linear relationship between the two variables.

r can ta2ue on values from —~.O to 1.2, with — -‘.0 indicatina

a cerf’-act inverse lim.ear relationshim . “.2 indicatint- a car—

fe-ct d rect re_a4-
~ onsn_m , ama C _na oat:nc- tue aosence of a

linear relationship (23:279).

Partial -Correlation

Partial correlation is a simmle correlation be t o-: een

two residual-s from which the effects ci’ one or more other

variabl s have been removed or controlled (25:555). Per

example , the correlation of’ the variables I end 2 control—

_a n c- ocr a tnnrn varnac e , ~, won_a be -.--~r:tten r~~

-The f i r s t  o rder  co r re la t ion  c o e f f i c i e n t  controllina

for ins- variable , is determined using the oerc—o- rder , sintle

:aiac:ise , -coefficient s as c-iven by the I
V
D I i nV;:i ia formu la
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Each succeeding ordered -correlation coefficient ,

controlling for m. variables , is determined using the n — I)

- 

ordered partial coefficients (23:305). For exantle , the second

order ra rtia l  correlat ion coe f f i c ien t  of the relaticnshio

between the tore variables i and j  controlling for the effects

- of the variables k and m would be calculate-i using the

formula:

rj j m  — ria .m r • k

.

\j i — ri km \.
~/
l — ri.
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SPSS Pro gram f o r  Commuting Pearson (SimmIe Paiv.-:ise)

V Correlations , Xl to X1 with TCOST
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PPP~~TD~~ C

SPSS Program for Cotnputi~ g First ~ ad Second Order

Partial Correlations of 15 with TCOST

010~~~~,R(SL ) : ,8 ,16; ; ,16
O2O$:ID~~ T:WP1191 ,AFIT/SLG GRE~~TE & STARK
030$: S~~ ECT : SPSS/SPSS
O4ORUN NAI~~;~~TGI~~ COST ANALYSIS
05OVAR~~~ LE LIST ;TCOST ,X1 TO 19
O6OVAR L~B~~S; TCOST ,~~TGf l ’tE PRODUCTION COST/
070;X1,FAN/
080 ;X2 ,00NPRESSOR/
090; 13, COI~~USTOR/
10O ;X4 ,Hi~ E PRESSTJRE TIIRBL’TE/
11O ;X5, LOW PRESSURE TTJRBfl~E/
120 ; 16 ,BEAPJNGS SEALS AND DRIVES/
13O ;17,CONTROLS AND ACCESSORIES!
140;18,FRANES/

• 15O ;X9,AUGN~~T0R AND NOZZLE/I 60fl’TPUT FORMAT ; ~~EEPTELD
• 170fl~PTJT NEDIU?I;DISK

180N OF CASES ;6
190MISSfl~G VALUES;I1 ,X5,X9(0)
200READ INPTJT DATA
2IOPARTI.A.L CORR;TCOST WITH 15 BY 12 TO 18(1 ,2)
2200PTIONS; 2,7
23CSTATISTICS; I
240Ffl’TISH
250$:DATA:08
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APP~ ’TDIX C

Program for Computing First and Second Order

Partial Correlations of 19 with TCOST

CI0�~~~,R(SL) : ,8,16;; ,16020$:ID~~TT:~4PII91 ,APIT/SLG GRE~~ E & STARK
030$ : 5ETIECT : SPSS/SPSS
C4ORUN N E ;~~~Gf l ~E COST ANALYSIS
O5OVLRIABLE LIST ;TCOST ,XI TO 19
O6OVAR LkBELS;TC0ST ,~~ GIEE PRODUCTION COST/
07O ;XI ,EAN/
080 ;X2 ,00MPRESSOR/
09O;X3 ,C0?~ USTOR/
I 0O ;X~i- ,HI GH PRESSTSRE TURBL’TE/
II0;15,LOW PRESSURE TURBfl~E/
120 ; 16 , BEARfl’TGS SEALS AND DRIVES!
130 ;X7, CONTROLS AND ACCESSORIES/

• 114O ; X8 ,FRA.P’~ S/
15O ;X9,AU~~~~TTOR AND NOZZLE/
I 60II~PUT FORMAT ; FREEFT~ TID
I 7Ofl~PUT ?~~DITJH; DISK
I 8CN OF CASES ;5
I9ONISSfl~G VALUES;11 ,15,X9(0)200REAL ThFUT DATA
2I OP~~TIAL CORR ;TCOST WITh 19 BY 12 TO 1L ,X6 TO X8~I,2)
2200PTIONS; 2,7
23OSTATISTICS ; I
2L~OFfl~1ISH

• 250$:DATA:O8
260$: SELECTA: 77A68/~~ Gfl~E3 ,R
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